INTRODUCTION
Energy production from biogas, which is manufactured using the fermentation of organic raw materials, has become more and more attractive over the last few years for economic, ecological (Lens et al. 2004 (Lens et al. , 2005 and also political reasons. Accordingly, biogas is becoming more important the world over. According to the prognosis issued by the German Biogas Association, around 4,000 industrial and agricultural biogas plants with a total capacity of 1.400 MW el. installed capacity were operated up to the end of 2008 in Germany alone.
Biogas plants are very complex items whose control and regulation is not a trivial task. Operators of most biogas plants are often overtaxed for this reason, and require support in the form of instrumentation, control and automation (ICA). The current state of ICA technology at biogas plants has already been extensively described in detail by Kujawski et al. (2007) . Against the background of their instrumentation fittings, many biogas plants are referred to as so-called black box systems because they are often insufficiently transparent to be economically and efficiently operated.
In this context the instrumentation, which is the actual cornerstone for control and regulation, is often deficient.
Off-line measurements (laboratory-based process monitoring) are seldom implemented or, often insufficiently documented. On-line measuring systems are only seldom installed at biogas plants. Even if a little data is available, it is seldom evaluated and analyzed with the result that such plants often have unreproducible operational problems. The measured data is seldom checked for plausibility, and is mostly used only for monitoring and not for control and/or regulation.
The economic efficiency of biogas plant operation is dependent on many factors. Optimum usage of the methane production potential of substrate used plays a central role in this case. This, however, is related to the stability of the anaerobic processes which in turn are dependent on (amongst others): † the characteristics of the substrates used, such as: composition (protein, fat and carbohydrate content); dynamics of substrate decomposition; content of potential inhibitors and/or toxins; content of trace elements † suitability for the formation of inhibitors and toxins (e.g. hydrogen sulphide, ammonia, organic acids) during the course of the anaerobic decomposition † suitability for the formation of effluent substrates, whose compounds ensure increases in the buffer capacity † physical processes/parameters such as efficiency of mixing, and the temperature which can be directly set by the operator with the help of ICA equipment
The stability of processes in the biogas formation is assessed based on the knowledge of the condition of equilibrium in the anaerobic decomposition (hydrolysis, acidification, acetic acid formation and methane formation), alkalinity and the quantity of inhibitors and toxins in the digester. The first robust measuring equipment for investigating the stability of the anaerobic processes used at the early on a few full-scale biogas plants in recent years consists of: † On-line: ORP potential, pH, EC, gas composition, gas quantity, † Off-line: volatile fatty acids and alkalinity, ammonium nitrogen and hydrosulphide, which are normally determined in external laboratories using titrimetric, chromaticgraphic or spectrometric methods.
There is, of course, a whole series of other measuring equipment such as fully automatic titrators, NIR spectrometers, electronic noses and tongues, gas chromatographs and ion chromatographs in addition to HPLCs (High-Performance Liquid Chromatograph) whose use in biogas plants is being investigated on site. Under certain conditions, they enable measurement of the required biogas parameters even at extremely high frequency and accuracy. Table 1 ). † Aerobic hydrogen sulphide removal: in order to reduce Temperature meters: digesters, 2 x heating system (pt 100)
Video controller x † Semi-automatic titrator and manual titrator for determination of VFA and alkalinity, † Quick tests for photometric determination of organic acids, acid buffer capacity and ammonia. † Indirect determination of acid buffer capacity using measurement of CO 2 amount after acidification of the sample with excess acid.
In addition, numerous off-line measurements were carried out by externally certified laboratories. The concentrations of organic acids in addition to alkalinity and ammonium nitrate were measured.
RESULTS AND DISCUSSION
The description and analysis of the results, and the resulting discussions, are presented separately for each plant investigated. Although each BP was provided with two digesters switched in series, the paper only presents the measured results from the primary digester because it was the one with the highest organic load rate. The figures show the data which played the largest role in the evaluation. Figure 2 shows the 21 months of BP operation. The average performance over the entire period is only 439 kW el.
Wambeln BP
The standard deviation of energy production is, at 71 kW el. , extremely high. Hence it is obvious that the average monthly production of electrical energy at the plant, represented by the step curve, was very unstable and relatively low. BP had significant difficulties in operation over the period shown from February to September 2008.
Observations
At the Wambeln BP, the fermentation stability was mainly monitored with the help of a semi-automatic titrator for the determination of VFA and alkalinity. The external laboratory analyses were only intensified during critical opera- 
Control and regulation strategies
The plant digester organic load rate was considerably reduced from March 2009 onwards. As a result of this, the organic acid concentration decreased considerably.
Subsequently the organic load rate was slowly increased.
The substrate dosage strategy was adapted so that batches of the input material were homogenised as far as possible in the plant buffer reservoirs before feeding into the digesters.
As a result of the use of the strategy, the fluctuations in the VFA and alkalinity decreased considerably (see Figure 2 from 22.02.2008 onwards).
Conclusions
Analysis of the measurement data makes it clear that the measurement system used on the plant is insufficient in its content and the biogas production potential has been determined using differing samples of the effluent substrate.
Secondly, more frequent monitoring of the ammonium concentration should be carried out.
The Lelbach BP
The plant produces electrical energy from renewable raw materials (mainly maize silage and cattle dung). In comparison to foodstuff waste such as was used at the Wambeln biogas plant, this substrate had a relatively stable composition (TSS and its organic part) and biogas formation potential. 
Conclusions
Instabilities in the biological system were only observed over the period of investigation when the digester was in the start-up phase or when a new substrate was added. Even in these cases, the ORP measurement always indicated the unfavorable operating conditions. The pH measurement was shown to be less sensitive. One can recommend that the system alkalinity should be more detailed observed.
Nordholz BP
The primary digester was put into operation at the beginning of January 2008. In a similar manner to the Lelbach biogas plant, power was generated from maize silage and cattle dung. The energy production is stable (standard deviation is on average only 43 kW el. ). Over the last three months of the period under investigation, the plant produced an average of 471 kW el .
Observations
The plant produced more than 80% (more than 400 kW el )
of its planned capacity after only eight weeks of operation, This accounts for the considerable increase in alkalinity in the primary digester (see Figure 3 , phase 3). Interesting relations between the alkalinity (measured by titration) and EC as well as between the ORP potential and the VFA (measured by titration) were observed over the period under investigation,
Control strategies
The digester organic load rate and the input composition were controlled depending on the development of acid 
CONCLUSIONS
During the project, the measured results from three modern German full-scale biogas plants were investigated and evaluated. Only the instrumentation which has proven its use during use for the investigation of the stability of an aerobic processes at the plants was selected for the evaluation (robust, inexpensive and reliable).
Off-line instrumentation
Most of the off-line laboratory measurements were contracted out to external laboratories. This is the reason for the delayed (up to two weeks) results. Representative sampling was made very difficult because the digesters were extremely large (1.500 m 3 ) and substrates were a long way away from the ideal mixture. Another disadvantage of laboratory measurement was the high cost (even 250 e per typical measurement for two samples). Extremely useful parameters such as VFA and alkalinity were able to be determined inexpensively and quickly on site at the plant with the aid of a semi-automatic titrator.
On-line instrumentation
Especially ORP, pH or EC measurement provided representative results with regard to sampling (instruments were installed at the pump station, and each of these enabled several cubic meters of substrate to be investigated at one 
Optimal measuring systems
Both advantages and disadvantages were observed during the use of off-line and on-line measurements. It is, however, necessary that both types of measurement are carried out simultaneously at the plant, and that they work together in one measuring system. It is also important that off-line data is entered into the process control system and actively used for both control and regulation. The measuring system architecture must be adapted to the relevant requirements of the plant and the operator. In this case it is important that an adapted solution can save both money and time (a simple economic analysis has shown that up to 15,000 e of operational costs of instrumentation can be saved annually by optimizing the instrumentation at the plants investigated). The type and composition of the input substrate appear to play a central role in the design of the measurement system.
During the analysis it was discovered that an increased use of robust and reliable on-line instrumentation is extremely necessary for both industrial and agricultural biogas plants, and that the consolation presented here can be sufficient in many cases (measuring equipment which is already in common use in sewage treatment plants was used in most cases). A measuring system should, however, be heavily adapted to the specific requirements and operating conditions of a specific plant. Statistical analysis of the data acquired has shown that one can do without many expensive laboratory measurements since the installed online instrumentation (e.g. pH, ORP and EC) was sufficient for monitoring the processes under normal conditions. An increased use of off-line instrumentation has, in contrast, considerable usefulness in critical situations.
Future work
During the analysis of measurement data from biogas plants, several interesting relations for individual measurement data (e.g. ORP and concentration of organic acids, or conductivity and alkalinity) have been found which is going to be developed and investigated more deeply as the next step of scientific work have to be done.
